Transiting exoplanets provide detailed access to their atmospheres, as the planet's signal can be effectively separated from that of its host star. For transiting exoplanets three fundamental atmospheric measurements are possible: transmission spectra − where atmospheric absorption features are detected across an exoplanets limb during transit, emission spectra − where the day-side average emission of the planet is detected during secondary eclipse events, and phase curves -where the spectral emission of the planet is mapped globally following the planet around its orbit. All of these techniques have been well proven to provide detailed characterisation information about planets ranging from super-Earth to Jupiter size. In this chapter, I present the overall background, history and methodology of these measurements. A few of the major science related questions are also discussed, which range from broad questions about planet formation and migration, to detailed atmospheric physics questions about how a planet's atmosphere responds under extreme conditions. I also discuss the analysis methods and light-curve fitting techniques that have been developed to help reach the extreme spectrophotometric accuracies needed, and how to derive reliable error estimates despite limiting systematic errors. As a transmission spectra derived from primary transit is a unique measurement outside of our solar system, I discuss its physical interpretation and the underlying degeneracies associated with the measurement.
Background and History of Exoplanet Atmosphere Observations
Transiting planets are those that pass directly in front of their parent star as viewed from the Earth. During these events, the planet will block out a proportion of the starlight, which can be detected by time-series photometry. To be viewed in this privileged geometry directly passing in front (or behind) its parent star, transiting planets require a fortuitous orbital alignment with the Earth. As such, transiting exoplanets represent only a small fraction of the total exoplanet population. However, the fundamental properties such as the planetary mass and radius which can be determined (in many cases nearly free from astrophysical assumptions), and the detailed spectroscopic information that can also be measured make transiting exoplanets extremely valuable.
The planet-to-star radius ratio can be very precisely measured during a transit event, as the fractional flux deficit measured from a light curve, ∆ f f , which is proportional to the projected area between the planet and star, R pl ( ) Fig. 1 Geometry of an exoplanet transit and eclipse event (top middle). During the exoplanet's orbit, the light curve of the system is monitored, with the transit and eclipse events detected from a drop in flux (bottom). A transmission spectrum is measured by detecting a change in transit depth as a function of wavelength (top left). A thermal emission spectrum is measured by detecting a change in the eclipse depth as a function of wavelength in the infrared (top right). The fraction of reflected light from the planet (the albedo) can be measured by observing the secondary eclipse at optical wavelengths.
where R pl and R star are the planet and stellar radii respectively. Stellar limb darkening also further modifies the transit light curve shape. As the radii of stars can generally be well determined, the radius of an exoplanet can be measured. Other fundamental properties of the exoplanetary system can also be derived from a transit's light-curve including the planet's inclination, the semi-major axis of the orbit, and the stellar density. For planetary characterisation, the atmosphere is accessible through the transmission spectrum. When a planet passes in front of its host star, some of the starlight will be filtered through the atmosphere at the planet's terminator and will leave a spectral imprint. Atoms and molecules in the atmosphere will absorb and scatter light at characteristic frequencies, which will make the atmosphere at those wavelengths opaque at higher altitudes. In other words, the atmosphere will be optically thick in slant transit geometry higher in the atmosphere. The exoplanet will therefore have a slightly larger apparent radius at those characteristic wavelengths, which is directly observable via a deeper transit depth (see Fig. 1 ). In a sense, a transmission spectrum is essentially an absorption spectrum, as identification of atomic and molecular species in the planet's atmosphere are identified via absorbed stellar light, though a technically more accurate description is a transit radius spectrum. Exoplanet transmission spectra are now typically constructed by taking time-series spectrophotometry during a transit event, with the spectra divided into many wavelength bins in which the chromatic change in transit depth is measured. At each wavelength bin, a transit light curve must be fit with a model (typically including instrumental systematic effects along with a limb-darkened theoretical transit model) and the planet radius at a particular wavelength, R pl (λ ), is extracted. A transmission spectrum is very sensitive to the atmospheric composition, which is typically among the first bits of information one learns when a positive signature is identified.
A planet's atmosphere can also be characterised from an emission spectrum. During secondary eclipse, when the planet is seen to pass behind its host star, the flux contribution from the planet drops to zero, isolating the flux from the star. Thus, the light from the planet can be efficiently separated from that of the star. The eclipse depth measured from the fractional flux deficit at secondary eclipse is directly proportional to the planet-to-star flux ratio, F pl /F star with,
Similarly to a transmission spectra, typically an emission spectra is constructed by taking time series spectrophotometry, and dividing the spectra into many different wavelength bins in which the eclipse depth is measured and the planet-to-star flux ratio is extracted. The amount of flux emitted by a planet at infrared wavelengths depends on its temperature, so this important planetary parameter can be measured with emission spectra in the infrared. Optical secondary eclipses are sensitive to the reflected light and the geometric albedo of an exoplanet. Finally, when a planet is observed over the course of a full orbit, the flux contribution from the exoplanet will modulate the total star-plus-planet flux as its orbital viewing geometry changes, with atmospheric information obtainable throughout the phase curve. While observing an exoplanetary phase curve does not require a transit or eclipse event, to date most phase curve studies have focused on transiting exoplanets as they typically offer better overall constraints. For instance, the total flux contribution to the phase curve from the star, which dominates the total signal, can only be precisely measured during a secondary eclipse event. From a phase curve, we can measure the day-to-night temperature contrast, which informs us about atmospheric recirculation. Additionally, the abundances of species and atmospheric temperatures can be mapped around the planet.
A Few Early Results
The following sections are by no means a complete summary or census of all exoplanet observations relating to atmospheric characterisation that have been obtained, nor is it meant to be. Further results can be found in several review articles (e.g. Seager & Deming 2010; Burrows 2014; Bailey 2014; Crossfield 2015; Deming & Seager 2017 ). The intention is to highlight a few representative works to give the reader a broad introductory overview of the types of atmospheric measurements that have and can be made regarding transiting exoplanets, and a flavour of the sort of scientific investigations that result.
Transit Observations
As recently as 2006 there were fewer than 10 transiting exoplanets known, and the atmospheric characterisation of these planets were largely limited to a few select cases. Among the first characterised planets was HD 209458b, a exoplanet first found using the radial velocity technique (Mazeh et al., 2000) which was the first planet discovered to also transit by Charbonneau et al. (2000) and Henry et al. (2000) . Having initially been discovered by the radial velocity technique helped make HD 209458b particularly well suited for followup atmospheric characterisation. The radial velocity method requires bright target host stars in order to obtain sufficient signal-to-noise at high spectral resolution, which has historically limited radial velocity discoveries on moderately sized telescopes to V-magnitudes typically brighter than about 10. Transiting around such bright host stars opens up the possibility to perform very high precision photometry, as sufficiently large numbers of photons can be gathered during the short ∼hour long transit durations. Shortly after the discovery of transits, the Hubble Space Telescope (HST) observed HD 209458b during four transits with the Space Telescope Imaging Spectrograph (STIS). The resulting transit light curve was unprecedented in quality with 110 parts-per-million photometric accuracies with an 80 second cadence. The high quality demonstrated not only the feasibility to perform atmospheric studies but also showing sodium absorption, which was first detected by Charbonneau et al. (2002) . Shown is the transmission spectrum adapted from Sing et al. (2008) , which resolves the sodium doublet. The relative transit absorption depth and relative altitude in the planetary atmosphere are both indicated.
to detect Earth-sized exoplanets in transit around Sun-like stars (the NASA Kepler mission was selected 12 months later). With the same STIS data, Charbonneau et al. (2002) made the very first detection of an exoplanet atmosphere by observing excess absorption in the Na doublet (See Fig. 2 ). Alkali metal absorption had been previously predicted to be present in the atmosphere by Seager & Sasselov (2000) , as the high temperature allows atomic sodium to exist in the gas phase.
The HD 209458b sodium detection was a good early indication of the high photometric precisions which would be needed to regularly make exoplanet atmosphere detections, as the observed sodium signal measured by Charbonneau et al. (2002) represented a deeper transit by just 232 parts-per-million (ppm) relative to the adjacent wavelengths and precisions of 57 ppm were needed to secure a 4-σ confident detection.
As the transit technique is reliant upon the starlight to make a measurement, and not light from the planet itself, a transmission spectrum can be studied across a much broader wavelength range than traditionally possible when observing only emitted radiation. Shortly after the sodium detection, HST STIS followed HD 209458b up again but this time in the far-ultraviolet (FUV), targeting the H I Ly-α line. An extended exosphere of H I was expected around the exoplanet, which could in principle be detected against the stellar chromospheric Ly-alpha emission during a transit event. However, the resulting transit depth as observed in H I (15%, Vidal-Madjar et al. 2003) was far in excess of the planet itself or even its Roche lobe, indicating hydrogen atoms are vigorously escaping from the planet. Oxygen and carbon were also detected in the exosphere by STIS shortly thereafter (Vidal-Madjar et al., 2004) . With the second transiting planet discovered in 2003 (Konacki et al., 2003) , for a short time, the number of atmospheric detections made via the transit method outpaced the number of transiting planets. Even with thousands of transiting planets known today, HD 209458b still resides as one of the very best theoretical targets for atmospheric characterisation.
Transmission spectral observations from the ground also proved feasible, first at high resolution. Redfield et al. (2008) observed HD 189733b across optical wavelengths with the Hubby-Eberly Telescope at high resolution (spectral resolution, R ∼60,000). Significant absorption was detected in-transit in the Na D lines, indicating deeper transit depths by 672±207 ppm. Similarly, Snellen et al. (2008) analysed optical HD 209458b transit data from the Subaru telescope at high resolution (R ∼45,000). A significant non-linearity in the CCD had to be corrected, and once applied significant Na absorption was also detected (1350±170 ppm). The Na absorption from HD 209458b first observed with Hubble was not only confirmed, but the Na line profile itself also matched well between the observations (Charbonneau et al. 2002; Sing et al. 2008; Snellen et al. 2008) . Historically, such agreement between observations has not always been case, but these early results did prove to place exoplanet atmospheric observations on a solid foundation.
The shape of absorption line profiles in transmission spectra can be used to probe different altitudes of exoplanet atmospheres. The wings of a line have a lower optical depth, and probe lower, cooler parts of the atmosphere, while the extended core of the line probes out to much higher altitudes. Because the atomic Na D resonance lines are very strong and have little other absorbers obscuring the view in their wavelength region, they are ideal for probing a wide altitude-pressure range. Their line profiles have been well-measured from HST and the ground for HD 189733b and HD 209458b (see also Huitson et al. 2012; Jensen et al. 2011) . Thermosphere layers were detected in both planets (e.g. Vidal-Madjar et al. 2011 for HD 209458b and Huitson et al. 2012 for HD 189733b). The thermosphere is an extended region above the typical lower layers of the atmosphere (troposphere and stratosphere), but below the exosphere, where UV radiation is absorbed and temperatures rise as a function of height. The cores of the Na lines extend to higher altitudes in the presence of a thermosphere, as the hotter thermospheric temperatures increase the pressure scale height and puff up the atmosphere -leading to larger transmission spectral features. For instance, HARPS observations of HD 189733b have resolved the Na lines up to an altitude of 12,700 km (Wyttenbach et al., 2015) . With high enough signal-to-noise (S/N), a change in pressure scale height at different altitudes can be directly detected, which then informs us about the temperature change in the atmosphere between the upper and lower layers (see section 4 below).
Eclipse Observations
In August of 2004 the HST STIS instrument failed, preventing further observations until a repair could be made. However, a year earlier the Spitzer Space Telescope was launched, and while it was not designed for exoplanet transit observations, the first secondary eclipse measurements were achieved shortly after in 2005 by Deming et al. (2005) for HD 209458b, while Charbonneau et al. (2005) targeted TrES-1b. As Spitzer is an infrared telescope, it is sensitive to the longer wavelengths needed to probe a hot exoplanet closer to its ∼1000 K black-body emission peak. Additionally, at these longer wavelengths the parent star is significantly fainter, which further increases the contrast. Both exoplanets were observed to have secondary eclipse depths near 0.25% and from these single eclipse measurements, brightness temperatures (which assumes the planet emits as a black body) could be derived. The timing of the secondary eclipse measurements placed informative constraints on the orbital eccentricity. With these results, Spitzer in effect took the reins over a period of a few years as the leading (and virtually only) exoplanet characterising instrument. The repair of HST and installation of the WFC3 instrument in 2009 also enabled high-precision secondary eclipse measurements (e.g. Fig. 3 ).
With multiple secondary eclipse measurements at different wavelengths, Spitzer was able to build up the first rough broadband emission spectra, which could be compared to theoretical atmospheric models. An early result came from Knutson et al. (2008) who used Spitzer to build up a spectrum from five photometric channels between 3 and 30 microns for HD 209458b. These broadband spectra are very low resolution (R ∼5 to 10), thus no specific molecular features can be resolved, though in principle very large-scale differences between atmospheric models are detectable. The HD 209458b measurements indicated the presence of a stratosphere where the temperature is seen to rise (rather than fall) at higher altitudes. Rising temperatures create conditions where hot atmospheric gas lies above cooler gas, which gives rise to spectral emission features. If a planetary atmosphere has a temperature-pressure (T-P) profile which only cools off with higher altitudes, only spectral absorption signatures from the overlying cooler gas could be observed. For HD 209458b, Knutson et al. (2008) found the wavelengths between 4 and 10 microns were significantly higher than would be expected from non-inverted T-P profiles which indicated H 2 O was in emission (also see Burrows et al. 2007 ). While these specific measurements did not generally hold up to further scrutiny (see section 2.2 below), they were a strong motivation into further sophisticated theoretical investigations of the atmospheric dynamics and chemistry of highly-irradiated gas giant planets, and the first steps towards constraining such models with eclipse observations. Atmospheric windows in Earth's own atmosphere also permit exoplanet transit and eclipse observations from the ground. However, the challenges are formidable as precision photometry (∼100 ppm) must be preformed for several hours against strongly changing weather conditions and instrument instabilities. Furthermore, for eclipse observations the largest signals occur at longer wavelengths which are generally inaccessible due to telluric H 2 O absorption. Thus, exoplanet eclipse observations have generally been performed in the z', J, H, and K atmospheric windows. Theoretical predictions early on (López-Morales & Seager, 2007) These results directly demonstrated a very large number of exoplanet eclipses would eventually be observable, given that Ogle-Tr-56b orbits a very distant 16th magnitude star and the TrES-3b result was made with a modestly sized 4-meter telescope. Croll et al. (2011) observed eclipses of WASP-12b with the CFHT telescope at J, H, and K band which further demonstrated highprecision measurements could be obtained from the ground. Thus, exoplanet atmospheric characterisation from eclipses were no longer confined to flagship space telescopes, and transit and eclipse observations became demonstrably accessible for a wide range of targets using a wide variety of instrumentation.
Phase Curve Observations
In general, the most difficult atmospheric measurement to make with a transiting exoplanet is that of the phase curve. The difficulty stems from the requirement to maintain high photometric precisions of order 100 ppm (which, as with transits and eclipses, are still necessary) over long timespans. Typically, measurements last on the order of the orbital period of the planet, which can be a day or longer -compared to transit/eclipse events which last a few hours. Furthermore, taking into account the very large telescope times needed, for practical purposes phase curve observations thus far have been focused on the shortest period planets with periods of 2 days or shorter. While early non-continuous observational attempts were made , a notable phase curve observation was made by Knutson et al. (2007b) , who observed HD 189733b with the Spitzer Space Telescope at 8 microns during half an orbital period covering a transit and eclipse. The measured phase curve amplitude indicated a modest day-night circulation, which results in more modest phase curve amplitudes. In addition, the brightest portion of the phase curve was observed just before secondary eclipse. For a tidally locked planet, one may expect the hottest and thermally brightest point on the planet to occur at the sub-stellar point. However, strong atmospheric winds (as predicted by Showman & Guillot 2002) have the effect of advecting the heat and hottest part of the planet westward of the substellar point. Longitudes westward of the sub-stellar point are maximally viewable just before the secondary eclipse event itself, leading to an observed light curve where the maximum flux is found before an eclipse.
An important aspect of phase curve observations done on transiting planets is that a transmission spectrum and an eclipse spectrum can also be derived from the same dataset, making it a particularly constraining measurement. An example can be seen in Figure 4 where a spectroscopic phase curve of WASP-43 was observed by Stevenson et al. (2014 Stevenson et al. ( , 2017 with HST and Spitzer. In the phase-curve spectra, H 2 O features were mapped around the planet, and the emission spectrum showed strong absorption features.
Accessible Transmission Spectra Exoplanets
In 2006, there were 158 known exoplanets, with the majority of the population found from the radial velocity technique. Moreover, only a very small handful of exoplanets had their atmospheres regularly detected, most notably HD 209458b and HD 189733b. Not all exoplanets are ideal atmospheric targets. The more massive exoplanets have smaller atmospheric scale heights due to the high surface gravity, and will have smaller transmission spectral signals. For secondary eclipses, cooler exoplanets will have low thermal fluxes in the optical and near-IR, so will be more challenging to detect at those wavelengths.
For an exoplanet transmission spectrum, a good indication of the expected signal can be estimated by calculating the contrast in area between the annular region of the atmosphere observed during transit and that of the star. The characteristic length scale of the atmosphere is given by the pressure scale height, where k B is the Boltzmann constant, T is the temperature of the atmosphere, µ is the mean mass of atmospheric particles, and g is the surface gravity. For giant exoplanets, the composition of the atmosphere can be assumed to be dominated by a H/He mixture of near-solar composition, which gives µ = 2.3 × u where u is the unified atomic mass unit (Lecavelier des . For transiting exoplanets, the surface gravity is well known for a large majority of the prime transmission spectral targets, as historically the radial velocity method has been used to confirm the planetary nature of a transiting object. Those exoplanet systems too faint to be detected via radial velocity are also often too faint to perform detailed atmospheric characterisation. Moreover, knowing the mass of an exoplanet for transmission spectroscopy is vital, as large degeneracies will be present if the mass is unknown which will limit the usefulness in constraining the atmospheric properties. A good way to estimate the atmospheric temperature is to use the equilibrium temperature value, T eq . Assuming zero albedo and complete redistribution of heat around the planet, T eq can be calculated using,
where a is the semi-major axis of the planet and T e f f is the stellar effective temperature (Cowan & Agol, 2011) . The temperatures derived thus far from transmission spectra have often been well within these equilibrium values. For example, HD 189733b, HAT-P-12b and WASP-6b have temperatures derived from their transmission spectra of 1340±150 K, 1010±80 K and 973±144 K, respectively which compare very favourably to their T eq values of 1200, 960, and 1150 K, respectively . With the scale height estimated, it is straightforward to approximate the absorption signal, A, of the annular area of one atmospheric scale height H during transit, as
which can be further simplified assuming H << R pl to,
Transmission spectral signals are typically on the order of 1 to ∼5H in size, thus if the transit depth can be measured to about 1H in precision with sufficient spectral resolution, detectable spectral features would begin to appear. Plotting A against the magnitude of the host stars is a good proxy to compare the relative signal-to-noise of different exoplanets. While other factors such as cloud cover will ultimately determine if atmospheric features will be present or not, all other factors being equal, it is often a good guide to prioritise exoplanets with the largest expected signal-to-noise values. From Figure 5 , the prominence of HD 189733b and HD 209458b become apparent. Both exoplanets orbit much brighter stars (V∼7.7) than the bulk of the known transiting planets, which dramatically improves the photon noise limits. The "puffiest" planets, like WASP-17b may orbit a much fainter star (V=11.6) but the expected atmospheric transit signal is large (A ∼0.06%) making it a comparable target to HD 189733b in terms of expected S/N. Perhaps 100 or more transiting exoplanets are now accessible with today's instruments. In practice, other practical considerations are necessary to take into account. For instance, ground-based multiobject spectroscopy requires reference stars to perform differential spectrophotometric measurements. However, few, if any suitable reference stars would likely be available for observing a 7th magnitude target with a typical 4 to 8 metre class telescope. Such instruments have typical fields of view of around 10 arc minutes, and it is unlikely that more than one bright (and hence nearby) star would be close to each other in the sky.
Exoplanets With Accessible Secondary Eclipses
Not all exoplanets are favourable for secondary eclipse measurements. The expected eclipse depths can be estimated in a similar exercise as for transmission spectra. However, the results will be much more dependant on the observed wavelength, because we measure the relative flux contrast between the planet and the star, which radiate at very different blackbody temperatures. The dayside flux from the planet and secondary eclipse depth, ∆ f day / f can be estimated from
which takes into account a reflection component with the wavelength dependant albedo p λ , and a thermal component B λ which is approximated here assuming the planet radiates as black body with temperature T day , and the star also radiates as a black body with temperature T e f f (Haswell, 2010) . Similarly to Figure 5 , the expected secondary eclipse depth at a given wavelength can then be plotted against the host star magnitude, at that wavelength range, to assess the relative observability of different targets. Of course, in reality stars are not blackbodies, and neither are planetary atmospheres so there can be significant deviations from such simple estimations. Nevertheless, such plots as shown in Figure 6 , can help illustrate the relative potential signal sizes between planets, all else being equal.
Accessing the Atmospheres of Small Exoplanets
Since the transit technique is predominately limited by the flux of the host star, it can be used across a much broader wavelength range than secondary eclipse measurements. Transits have been measured in the UV (e.g. Vidal-Madjar et al. 2003) through to the far-infrared (Richardson et al. 2006) . Additionally, much smaller exoplanets are currently accessible with transit spectroscopy than with other techniques. There is strong interest to push characterisation down to smaller, cooler planets and so toward potentially life bearing worlds. The task is difficult, as small planets and cooler temperatures result in much smaller transit atmospheric signatures (see Fig. 7 ). To overcome this difficulty, currently there are two strategies being pursued to meet the near-term goal of detecting atmospheric features and viably searching for biomarker signatures within the atmospheres of extrasolar planets; transit spectroscopy of exoplanets around small M-dwarfs (the 'M-dwarf opportunity') or around very bright stars (the 'bright-star opportunity'). These opportunities have driven dedicated transiting M-dwarf searches, such as MEarth (Charbonneau et al., 2009) , as well as dedicated space missions such as TESS and PLATO which will search the brightest stars for transits. While searching for signatures of habitability will be an important long-term exoplanet goal, it must be put into perspective as the very wide and diverse group warmNeptunes, super-Earths and small terrestrial exoplanets represent a completely uncharted parameter space. Developing a comprehensive theory to explain the atmospheres of these planets more generally, and therefore put any atmospheric detection within a wider context will represent an enormous challenge.
The discovery of the super-Earth GJ1214b orbiting an M-dwarf (Charbonneau et al., 2009 ) provided the first atmospheric glimpses into small exoplanets (Bean et al., 2010) . GJ1214b orbits a small, M4.5 dwarf star, which means it has a large transit depth and atmospheric transmission signal. Both of these observable quantities scale inversely with the radius of the star squared, so the signals of exoplanets orbiting smaller stars are greatly enhanced. For GJ1214b, the star has a radius of R star =0.2 R making an exoplanet signal (1/0.2) 2 = 25× higher than if the same planet orbited a sun-like star. The discovery of TRAPPIST-1b,c,d,e,f,g (Gillon et al., 2017) has pushed the M-dwarf opportunity to even smaller planets and stars, with the 0.114 R sized M8 star providing transmission spectral signals 77× higher than if the same planet orbited a sun-like star. To this end, even the atmosphere of Trappist-1f, which is an Earth-sized exoplanet orbiting within the habitable zone and is expected to be rocky, may potentially be detected in the near-future. Even with a large signal boost from a small star, the atmospheric features are still expected to be small and challenging to detect. Current facilities such as HST have allowed H-dominated atmospheres to be ruled out on several of the TRAPPIST-1 planets (de Wit et al., 2016) .
On the bright end, the discovery of a planet transiting around HD 97658b (Dragomir et al., 2013) permitted atmospheric investigations of a super-Earth around a much more massive K1V star. In both the case of HD 97658b and GJ1214b, the exoplanet's atmospheres proved to be largely consistent with heavy cloud-cover and no spectral features were detected (Knutson et al., 2014; Kreidberg et al., 2014b) .
Exoplanet Atmosphere Science Topics
In the following sections, I have highlighted a few current science topics which transiting exoplanet atmosphere observations can (or will hopefully) address. While there are a very wide and diverse range of science topics, many fall under a few basic categories which are briefly described below.
Planet formation
Gas giant exoplanets are predominantly composed of a H/He mixture, which was accreted during the planets formation from the protoplanetary disk. As such, the gas is primordial in nature so may be expected to contain records of the formation conditions in which the planet formed. As transiting exoplanets are amenable to spectroscopic studies, one may expect then to probe what would be essentially the primordial gas and gain insights into the planet formation process. There are two widely considered theories for how gas giant planets form: gravitational instability and core accretion. Gravitational instability is said to occur when the protoplanetary disk rapidly cools and collapses into planetary-mass fragments (Boss, 1997) . Planets formed via this mechanism would have the same bulk compositions as their local protoplanetary disk material and their host stars. Alternatively, in the core-accretion model, giant planets form in a multi-step process: first, sticky collisions of planetesimals lead to the formation of protoplanetary cores; then, once the cores reach a threshold mass they accrete nearby gas in a runaway fashion (Pollack et al., 1996) . Population synthesis models from Mordasini et al. (2012) and Fortney et al. (2013) suggest that in the core accretion paradigm, as the mass of a planet decreases, its atmospheric metallicity increases. This is because lower mass planets would be unable to accrete substantial gas envelopes, and thus would be more susceptible to pollution by in falling, higher metallicity planetesimals. The giant solar system planets agree with the latter scenario (see Fig. 8 ), as the metallicities derived from the methane abundance of Jupiter (from the Galileo probe: Wong et al. 2004 ), Saturn, Neptune, and Uranus (from infrared spectroscopy: Fletcher et al. 2009; Karkoschka & Tomasko 2011; Sromovsky et al. 2011, respectively) show decreasing metal enhancement with increasing planet mass. Via these two theories, exoplanetary atmospheres will exhibit different atmospheric properties which can be measured from transmission and emission spectroscopy. Gravitational instability theory suggests that planets will have the same atmospheric metallicity as the central star, while in core accretion theory lower mass planets will have higher atmospheric metallicity.
Gas-giant exoplanets are widely expected to have retained the bulk of their primordial atmospheres, and measuring the atmospheric abundances across a wide range of planet masses should provide insight into formation mechanisms. Kreidberg et al. (2014a) found evidence the 2M J hot Jupiter WASP-43b follows the same inverse mass-metallicity relationship as the solar system planets. However, the Neptune-mass exoplanet HAT-P-26b has a measured water abundance at just 4× solar (Wakeford et al., 2017) which is below the trend and suggests a different formation and/or evolutionary processes. HAT-P-26b is consistent with recent envelope accretion models (Lee & Chiang, 2016) , which argue that most hot Neptunes accrete their envelopes in situ shortly before their disks dissipate. In both studies, the retrieved atmospheric water abundance was used as a proxy for the overall planet's metallicity but the abundant carbon-bearing molecules will need to be measured before stringent metallicity constraints are available.
The abundance ratio between carbon-bearing molecules and oxygen-bearing molecules (C/O) is also expected to play a key role in constraining planet formation and migration mechanisms (Madhusudhan et al., 2014) . The C/O ratio contains vital information such as the physical properties of the accretion disk in which the planet formed, and a planets location within that disk. This is especially pertinent (2017) to include measurements of WASP-39b (Wakeford et al., 2018) , and HD 209458b (Line et al., 2016) .
for hot Jupiters, which migrated to short orbital periods though may have initially formed beyond the snow line (e.g. Öberg et al. 2011) . Carbon-rich atmospheres would point to scenarios where hot Jupiters were initially located beyond the snow line and accreted primarily carbon-rich gas, while O-rich atmospheres would point instead to accretion of primarily oxygen-rich solid material (Espinoza et al., 2017) .
Atmospheric Physics
Transiting exoplanets represent a new novel laboratory in which to test our models of atmospheric physics. The temperatures, gravities, and chemical compositions occupy a very wide and new range of physical conditions, making observations of these planets capable of giving new broad physical insights into how planetary atmospheres operate. Current theories of hot gaseous planets contain many open questions about their atmospheric characteristics (temperature, clouds, energy budget, atmospheric escape), their chemical abundances, and how they formed and evolved. All these questions are intertwined, and by observing, characterising, and comparing many exoplanets across a broad parameter space, progress on answering some of those questions can be made. Transiting planets orbit close to their host stars, making them tidally locked and highly irradiated. Those factors affect the planet's vertical and horizontal (day-tonight) temperature structure, and induce photochemical processes in their atmospheres, which do not occur in the most related astrophysical objects, isolated brown dwarfs (BD). Therefore, hot exoplanets are completely new objects with a set of physical processes that are uniquely challenging to theoretically model.
From the first observations of secondary eclipse spectra, the thermal structure of hot Jupiters has been an active area of theoretical investigations and observational efforts. One of the first planets charaterized through secondary eclipse measurements showed evidence for a thermal inversion and hot stratospheric layer . A hot stratosphere is caused by strong optical absorbers, which absorb stellar radiation at altitudes higher than they thermally radiate energy, which heats the upper atmosphere and causes a stratospheric layer Burrows et al., 2007; Fortney et al., 2008) . On the Earth, UV absorption by ozone creates a stratospheric layer and most solar system planets including Jupiter and Saturn have stratospheres (Gillett et al., 1969; Wallace et al., 1974; Ridgway, 1974) .
The presence or absence of a stratosphere is expected to change the global energy budget and atmospheric circulation and dynamics of the planet, making their presence and theoretical understanding an important aspect of their overall atmospheric makeup. In highly irradiated gas giant exoplanets that lack a strong optical absorber, the incident stellar irradiation is absorbed deep in the atmosphere, near pressures of 1 bar (see Burrows et al. 2008 ). This pressure is close to the near-IR emission photosphere, resulting in a monotonically decreasing temperature profiles and a lack of a stratosphere. At these pressures, the expected wind speeds in a hot Jupiter will be able to efficiently redistribute heat around the entire planet, leading to modest day/night temperature contrasts. With a strong optical absorber at high altitudes, the local gas is radiatively heated by the incident stellar flux, creating a stratosphere. In addition, the winds at these lower pressures (higher altitudes) are not able to efficiently redistribute the energy at their near-IR photospheres, creating a very strong day-night temperature contrast. With a stratosphere, the hottest part of the planet becomes located at the highly irradiated sub-stellar point, while the atmosphere becomes cooler towards the limb.
Several candidates for strong optical absorbers at altitude were proposed Burrows et al., 2007; Fortney et al., 2008) with TiO/VO being the currently leading candidates. Fortney et al. (2008) highlighted the importance of gaseous TiO and VO to the optical opacities of highly irradiated hot-Jupiters, proposing two classes analogous to M and L-type dwarfs. In this scenario, hotJupiters warm enough to still have gaseous TiO and VO were dubbed pM Class planets. This class contains temperature inversions, and appears anomalously bright in the mid-infrared at secondary eclipse, as the stellar incident flux is absorbed high in the atmosphere and emitted as thermal flux at near-IR wavelengths. Theoretical models predicting the transmission spectra of pM class of planets would be dominated in the optical by TiO opacity (Fortney et al., 2008) . The optical transmission spectra of cooler pL Class planets (lacking TiO) are thought to be dominated by neutral atomic Na and K absorption, and lack hot stratospheres.
Follow-up studies of HD 209458b with more advanced data analysis techniques did not support the presence of a stratosphere (Diamond-Lowe et al., 2014; Evans et al., 2015) . In addition, despite many dozens of exoplanets searched for signatures of stratospheres with Spitzer, no definitive detections were made and confirmed. For Fig. 9 Emission spectrum of WASP-121b from Evans et al. (2017) . Shown is the measured HST, Spitzer, and ground-based eclipse depths and the 1-σ uncertainties, the horizontal error indicate the photometric bandpasses. The yellow lines show the best-fit isothermal blackbody spectrum with a temperature of 2,700 K, while the red lines show the best-fit atmospheric model from a retrieval analysis. The middle and lower panels show isolated planetary flux with the stellar contribution removed, and observed spectra for a M8 and L1 dwarf are shown for comparison (blue and purple lines), exhibiting H 2 O absorption bands. For WASP121b the H 2 O band appears in emission. Spectra for 2,400 K and 2,900 K blackbodies (grey lines) indicate the approximate temperature range probed by the data. a while it seemed TiO/VO may not be present in hot-Jupiter atmospheres. Spiegel et al. (2009) argued that vanadium oxide was not likely to fulfil this role due to low abundances, and that the previously favoured titanium oxide would require unusually high levels of macroscopic mixing to remain in the upper atmosphere.
A decade later, the topic of hot Jupiter stratospheres is still a hot topic as a thermally inverted spectral signature was observed for WASP-121b with H 2 O seen in emission (see Fig. 9 and Evans et al. 2017) , and evidence for a stratosphere and TiO seen in WASP-33b as well (Haynes et al., 2015; Nugroho et al., 2017) . Compared to earlier studies, WASP-121b and WASP-33b are much hotter (T eq >2500 K) than the planets probed earlier, which could indicate much hotter temperatures are required than earlier theoretical studies indicated (Fortney et al., 2008) . However, it remains unclear why some planets would have stratosphere layers, while other seemingly similar very hot planets do not.
Clouds and Hazes
Cloud and haze aerosols are ubiquitous for the planets with significant atmospheres within our own solar system. For hot exoplanets currently amenable to transit characterization, clouds and hazes have also been found. The atmospheric temperatures of the hot Jupiters are close to the condensation temperatures of several abundant components, including silicates and iron. The formation of condensate clouds and hazes is a natural outcome of chemistry in much the same way H, C, and O combines to form H 2 O, CO, and CH 4 . The possible presence of such condensation clouds was considered early on (Seager & Sasselov, 2000) . Cloud and haze aerosols can form via condensation chemistry, or alternatively the aerosols may be photochemical in nature (e.g. Helling et al. 2008; Marley et al. 2013 ). Silicate and high-temperature cloud condensates are expected to dominate the hotter atmospheres, while in cooler atmospheres sulphur-bearing compounds are expected (Visscher et al., 2010; Morley et al., 2012; . The presence or absence of clouds and hazes have strong implications on all aspects of a planet's atmosphere including the radiation transport, chemistry, total energy budget, and advection (Marley et al., 2013) . As such, the presence of clouds and capacity to model them is currently a major uncertainty and limitation in our ability to interpret exoplanet spectra and retrieve accurate molecular abundances.
According to models, condensates would weaken spectral features, or mask some of them, depending on the height of the cloud deck (Marley et al., 1999; Sudarsky et al., 2003; Fortney, 2005) . In transmission spectra, a grey cloud (for example) can mask all absorption features below the altitude of the cloud deck, and is an explanation for the muted water feature of HD 209458b and the absence of features on the super-Earth GJ1214b (Kreidberg et al., 2014b) . The HST transmission spectrum of HD 189733b was found to contain a high altitude scattering haze , which has since been confirmed by multiple follow-up HST measurements Huitson et al., 2012; Gibson et al., 2012b; Pont et al., 2013) . For HD 189733b, the haze covers the entire optical regime, with a Rayleigh scattering slope masking all but the strong Na I line cores and likely extends into the near-IR, covering or muting the water absorption features (see Fig.  10 ). Most of the exoplanets charaterized thus-far show some levels of clouds , though the strong diversity of cloud and haze covers found thus far indicates there will be a sizeable population hot Jupiters with largely clear atmospheres, especially in the infrared where the scattering opacity of hazes and clouds is likely to become greatly reduced.
Analysing Transmission Spectral Data
In the following sections, some of the basic data analysis procedures that have been developed to handle transit and eclipse spectrophotometry at high precision are reviewed. Included is a broad overview of the reduction steps, time series fitting meth- ods, statistical tools, and methods to handle different noise sources. When pushing transiting exoplanet spectroscopy to very high (few ppm) levels, all potential sources of noise tend to matter, and even what may appear to be very minor effects can become important limiting factors.
Pre-observation steps
An important but often overlooked aspect of observational astronomy and transiting exoplanet characterization is the steps one has to make and plan for well in advance of working with any new dataset. Most all good science starts with an idea, and a science question to investigate. For transiting exoplanet science, even fifteen years after the first atmospheric detection there are still no dedicated instruments designed from the beginning to perform the difficult task of obtaining the 10's or even 100's of ppm level photometric precisions across hour-long timescales necessary. This is in stark contrast to a dedicated instrument such as HARPS, which has proven ∼m/s radial velocity accuracies can be reliably achieved. As such, the planing and executing of transit/eclipse data still requires special care. Space-based data remains the gold standard, as the data quality is much more homogenous and the levels of precision demonstrated are much more reliably obtained. Nevertheless, a common mistake often made is to be overly optimistic or unrealistic in the levels of precision that can be achieved, and the size of potential atmospheric signatures. The current history of transiting exoplanet atmospheres has shown that more often than not, the atmospheric signal sizes observed are smaller than predicted, and the noise levels achieved are usually larger than photon limited (which exposure time calculators assume). Such was the case for Na on HD 209458b (Charbonneau et al., 2002 ) which was about 3× smaller than predicted, and most of the H 2 O features seen by HST to date as well have also been considerably smaller than predicted (e.g. Deming et al. 2013; Wakeford et al. 2013; Kreidberg et al. 2014b Most telescope operators are not used to the methods to obtain high photometric precisions (e.g. no dithering due to the relative nature of the measurement) and care must be taken to ensure the observations are executed properly.
6. Download/collect images.
Initial calibration overview
After obtaining a time-series dataset, the first data-reduction steps are much the same as any other method. However, before one begins reducing data it is a very good idea to inspect each of the data-frames in detail. A time-series dataset may contain hundreds or perhaps thousands of images. With these large numbers, it can be easy to overlook subtle issues which may not be obvious after aperture photometry is performed or the spectral trace is extracted. Stretching an image and adjusting the image contrast to view the high and low count level features can reveal possible issues such as bad pixels, and making time-series movies of the data or blinking frames can be a good method to reveal and get a feel for potential issues such as positional drifts, cosmic rays, and detector ghosts. Unexpected features may appear as well, as very unlikely asteroid or satellite crossing events have been noticed in HST time series data. For HST WFC3 data, time-series spectral pixel maps can be utilised where a 2D histogram of the count levels at each pixel in a spectra are plotted vs time (e.g. Fig  11) . As positional drifts are a major cause of systematic errors in WFC3 spatially scanned data, these maps help reveal the extent of such drifts, and the presence of bad columns.
The first reduction steps with modern 2D image or spectral data are essentially the same as all other traditional areas of astronomy. For CCD data, the images are typically:
• Trimmed of overscan regions, leaving the areas of the chip that contain useful data.
• Individual bias frames are combined.
• The flat-fields and science frames are processed to remove the overscan and average bias.
• Bad pixel maps are constructed.
• Flat-field images are combined and normalized.
For time-series data, there is an important difference between low-frequency features (large scale trends) in a flat-field, and high-frequency pixel-to-pixel trends. A widely adopted method for most all time-series transit/eclipse data is to keep Transit Transit Fig. 11 Time-series spectral pixel maps for HST WFC3 G41 transit data of WASP-39b (top) and WASP-62b (bottom) used to visualise the overall data quality. Plotted is the normalized count level at each pixel in the spectra vs time during the transit observation. The transit event in both plots is evident by the drop in flux centred near the middle of both plots. The WASP-62b transit suffered from a guidestar problem which negatively impacted the telescope guiding, and large drifts on the order of several pixels can be seen. This problem negatively impacts the photometric quality of the spectroscopic channels, as is apparent by the systematic trends which drift in wavelength during the observation. An example of a good quality dataset is shown for WASP-39b (top) for comparison, which does not show such wavelength-dependent trends. Figs. courtesy of H. Wakeford.
the point-spread-function of the telescope on the same pixel (or sub-pixel if possible) during the entire course of the observations. By doing so, low-frequency flat-field features are not important and largely do not impact the photometry. A transit or eclipse light curve is a differential measurement, and the absolute gain or count levels on the detector are not utilised as each light curve is individually normalized to the out-of-transit levels. Thus, many observers choose not to apply a flat-field correction, as it has been sometimes been seen to introduce noise (e.g. Gibson et al. 2017) . A successful flat-field correction, however, can correct for high-frequency pixel-to-pixel variations. These smaller scale gain differences between neighbouring pixels can become important if the telescope pointing is not entirely stable during the night, or if there are significant seeing changes. In these cases a flat-field correction may prove important. Given the extremely high count levels of the science frames that are obtained during a transit, very large numbers of well exposed flat-field images are needed such that the photon noise levels per-pixel in the combined flat-field is comparable to the integrated photon noise levels per pixel in the science frames. Thus, be sure to obtain as many flat-field and bias images as possible, as it is unlikely taking one or two flat-field images would prove useful when a time-series dataset is aiming for high photometric precisions measuring a transit depth over perhaps hundreds or thousands of images.
• The science exposures are flat-fielded, and bad-pixels corrected if desired.
• Cosmic rays are cleaned.
• The spectra center is determined, trace defined, and 1D spectra extracted.
In a 2D spectral image, the center of the PSF at each pixel along the crossdispersion direction is determined, called the trace. The background region is then defined and the counts in the cross-dispersion direction are then summed in an aperture of a given size along the trace to add up the total counts for each wavelength-pixel in the spectrum, typically subtracting the background. The optimal aperture size and optimal background region have to be explored to optimise the time-series photometry at later stages.
• A wavelength solution is determined.
Typically, arc lamp frames are gathered and the wavelength of specific emission lines are identified, which then provides a direct wavelength-to-pixel mapping. In the case of transit spectroscopy, stellar absorption features can also provide a direct and unambiguous identification of the wavelength (for example the Na D lines in optical spectra).
With space-based transit spectroscopy, one can proceed more or less directly from spectral extraction to fitting light curves. In the case of ground-based multiobject spectroscopy (MOS), the spectra of two or more stars must be extracted as a reference star is needed to correct each spectroscopic channel for the effects of Earth's atmosphere. The method of MOS is essentially an extension of differential photometry, and was initially applied by Bean et al. (2010) to observe the transmission spectra of GJ1214b with VLT FORS2. In MOS observations, the spectra of two or more stars are obtained using typically a mask or longslit, with the slit sizes specifically chosen to be very wide such that slit light losses are minimized or eliminated all together (see Fig. 12 ). Sizes of 10"+ or more are often used, with an example of Nikolov et al. (2016) using 22"×90" sizes slits on VLT FORS2. The target and reference spectra must then be accurately wavelength calibrated, such that light curves at the same wavelengths can be binned and constructed for use in differential photometry (see Fig. 13 ). In principle, the reference star should have all the adverse effects from Earth's atmosphere also encoded in the light curves including seeing variations, transparency variations, and changing atmospheric extinction. Dividing the target star light curve by the reference star then largely subtracts out these features. In practice, other effects must also be dealt with such as instrument flexure and pointing drifts.
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Pre-light curve fitting
For most areas of astronomical observations, the data reduction steps would largely stop here and the scientific analysis would begin, though with transmission or emission spectroscopy of exoplanets, the job is just partially complete. The very impor- tant steps of fitting the transit light curves (along with systematic trends) for each spectroscopic channel still need to be performed. In most cases, the light curve fitting stage takes the most time and effort and it remains a non-trivial process which must be handled with care. There are several important initial steps which need to be taken before fitting transit light curves:
• Calculate accurate time stamps for the time series images.
Very high quality light curves can often have quantities like the central transit time measured to precisions of seconds or better, and other studies will often use the measured quantities to look for transit time variations or followup an exoplanet at a later date, making accurate time stamps very important. Indeed, care must be taken when combining different datasets from different observatories, as it is often hard to know exactly what clock standard was used. The commonly used Julian Date (JD) can be specified in several different time standards which are often unreported, complicating timing studies. Fortunately, Eastman et al. (2010) provides a useful tool to calculate the Barycentric Julian Date in the Barycentric Dynamical Time (BJD TDB ) standard, which has become a common practice in the exoplanet literature (http://astroutils.astronomy.ohio-state.edu).
With an accurate time-stamp, the projected separation between the planet and star, s, as a function of the orbital phase, φ , can be calculated as,
where a is the semi-major axis and i is the inclination of the orbit. s(φ ) is a quantity provided as input to widely used transit models such as Mandel & Agol (2002) .
• Align the spectra onto a common wavelength/pixel grid. Spectra are often seen to exhibit non-trivial shifts on the detector during the time series sequence. These shifts need to be accounted for if the spectra are to be placed on a common wavelength grid such that spectral bins can accurately be extracted. Without applying such a correction, fixed pixel bins of the spectral time series could contain a mix of wavelengths as the light from neighbouring pixels would contaminate the bin and degrade the light curves. Shifts between spectra can be easily measured using cross correlation procedures, and the spectra can be interpolated onto a common scale.
• Calculate limb darkening coefficient for the wavelength bin of interest. Limb darkening is an essential component determining the shape of a transit light curve, enhancing the U-shape of transit light curves due to the non-uniform flux profile across stellar discs. Thus, an accurate treatment of stellar limb darkening is critical when deriving precise planetary radii and measuring transmission spectra. The effects of limb darkening are typically parameterized using a specified functional form (or law), and theoretical limb-darkening coefficients (LDCs) are calculated using stellar models (e.g. Claret 2000) . The most commonly used in exoplanetary transit work are: the linear law I(µ)
the quadratic law I(µ)
the three-parameter non-linear law,
and the four-parameter non-linear law
where I (1) is the intensity at the centre of the stellar disk, µ = cos(θ ) (where θ is the angle between the line of sight and the emergent intensity), while u, a, b, and c n are the LDCs. These laws can all be used along with the analytical transit light models of Mandel & Agol (2002) or Kreidberg (2015) .
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Fig. 14 HST transit light curves of HD 209458b and HD 189733b compared to transit model fits using 1D and 3D models (adapted from Hayek et al. 2012) . (Top) For HD 209458b 1D models are unable to fully reproduce the transit shape, leading to a characteristic "w" shaped residual as seen in the middle panels for each fit and 3D stellar models do a better job of fitting the transit. (Bottom) The 1D models perform better for HD 189733b.
Fitting for LDC from the transit light curves is widely used, with the quadratic law most often adopted. However, there are degeneracies in fitting for the coefficients and without a proper treatment unphysical stellar intensities can result which can bias the results. This can happen especially for grazing transits as the full stellar disk (and its intensity profile) is not sampled during the transit. In addition, simple limb darkening laws can also do a poor job of reproducing a real stellar intensity profile. For many transmission spectral applications, theoretical stellar models have proven adequate for many transit light curve fits (e.g. Sing et al. 2011 ) and the latest 3D models (see Fig. 14 and Hayek et al. 2012; Magic et al. 2015) have improved upon many of the deficiencies seen in earlier 1D models (Knutson et al., 2007a; Sing et al., 2008) . For transit spectroscopy, it is often recommended to fix the limb-darkening coefficients to their theoretical values, and inspect the fitted residuals to see how well the stellar models are performing, and fit for the coefficients if necessary.
Light curve fitting
When fitting for a spectroscopic transit or eclipse dataset, the first fits one typically performs is on the wavelength-integrated flux of the spectrum, which is called the white-light curve. The white-light curve fit helps provide the overall system parameters such as i, a/R star and center of transit time T 0 as well as the average transit depth across the wavelength range of the spectrum. In most all transit light curves to date, a model of the systematic trends (any nontransit/eclipse related phenomena which affects the light curve) must also be taken into account, whether they are of an instrumental or astrophysical nature. For example, in Spitzer IRAC transit photometry, it has been widely established the intrapixel sensitivities and pointing jitter cause variations in the photmetric light curves which must be modelled and removed (Morales-Calderón et al., 2006; Knutson et al., 2008) . For HST STIS data, thermal breathing trends cause the point-spreadfunction (PSF) to change repeatedly for each 90 minute spacecraft orbit around the Earth, producing corresponding photometric changes in the light curve which results in photometric changes in the light curve . Systematic errors are often removed by a parameterized deterministic model, where the non-transit photometric trends are found to correlate with a number n of external parameters (or optical state parameters, x). These parameters describe changes in the instrument or other external factors as a function of time during the observations, and are fit with a coefficient for each optical state parameter, p n , to model and remove (or detrend) the photometric light curves.
When including systematic trends, the total parameterized model of the flux measurements over time, f (t), can be modelled as a combination of the theoretical transit model, T (t, θ ) (which depends upon the transit parameters θ ), the total baseline flux detected from the star, F 0 , and the systematics error model S(x) giving,
In the case of HST STIS data, external detrending parameters including the 96 minute HST orbital phase, φ HST , the X ps f and Y ps f detector position of the PSF, and the wavelength shift S λ of the spectra have been identified as optical state parameters . The optical state parameters must be properly normalized such that they do not contribute in changing the overall average system flux, and in the case of STIS data a fourth-order polynomial with φ HST has been shown to sufficiently correct the instrument systematics such that f (t) can be written as,
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Limb Dark: Fig. 15 Example transit light curve minimum χ 2 fit to HST STIS data of HAT-P-26b (Wakeford et al. 2017) . Top shows the detrended normalized light data (black points) with the transit light curve model (red line), middle shows the raw flux which includes the instrument systematic trends along with the best-fit model (red points), an arbitrary offset has been applied for clarity. The best-fit model parameters and several statistics of the model are also indicated. In this example, the fit achieves precisions of 82% the theoretical photon noise levels.
Note that the systematics model can also be additive rather than multiplicative as in Eq. 14. Determining what systematic model to use, identifying parameters which successfully detrend light curves, and finding suitable functions while avoiding overfitting remains a large non-trivial challenge when analysing transit light curves. This is especially true if the data collected does not have a significant history and standard practices determined when dealing with high precision photometric timeseries measurements. Non-parametric methods have also been developed to model systematic models, and methods such as Gaussian processes (GP) have the benefit of not imposing a specific functional dependence on the optical state vectors (see Gibson et al. 2012a) , and have become widely used.
When fitting transit models to the data, typically one begins by finding a minimum χ 2 solution (see Fig. 15 ) from routines such as the Levenberg-Marquardt (L-M) least squares method (Markwardt, 2009) , while Markov chain Monte Carlo techniques (MCMC) methods are useful for deriving robust error estimates that can account for complicated degeneracies between model parameters Foreman-Mackey et al., 2013) .
The size of the photometric error bars are a critical, and often overlooked aspect of light curve fitting. Typically, the minimum χ 2 values and best-fit parameters are insensitive to the exact size of the errors (within reason). However, the inferred uncertainties on the best-fit model parameters themselves are dependent upon the size of the photometric errors/uncertainties given. In high-precision timeseries photometry, it is often the case that the formal error bars are dominated by photon noise. However, for many datasets photon noise is rarely achieved and can even be factors of a few away from achieving those levels of precision. A common practice is to adopt photon-noise error bars when performing model selection, such that a given model f (t) performance can be compared to the theoretical limit of the data, and a comparison can be made between the performance of different models. However, when a satisfactory model is found, the photometric error bars themselves are rescaled by the standard deviation of the residuals, and the model is re-fit. Alternatively, for methods such as MCMC that optimise the log-likelihood, the photometric/white noise level can be fit as a free parameter itself. Rescaling the error bars in these ways helps take into account noise sources that are difficult to account for in standard pipeline reduction routines, and the final uncertainties will be underestimated if this step (or a similar procedure) is not taken, unless of course photon noise precisions were achieved. In addition, the presence of time-correlated red noise must also be considered, with the binning technique (Pont et al., 2006) and wavelets (Carter & Winn, 2009 ) two recommended methods. With the photometric error bars set to realistic values, and red noise properly handled, MCMC routines (e.g. Eastman et al. 2013; Foreman-Mackey et al. 2013.) can then be run to provide the full posterior distribution and marginalised parameter uncertainties (see Fig. 16 ).
After the white light curve is fit, the spectroscopic channels are then determined and transmission or emission spectra constructed. During this stage, it is typically only the transit or eclipse depth that is allowed to vary along with the systematics model in the fits. All other parameters tend to be fixed to those values adopted for the white light curve, as they are not expected to vary across spectroscopic channels. This includes the semi major axis a, orbital inclination i and transit/eclipse mid-time. An important exception is the limb-darkening coefficients, which as noted above must be carefully determined for each spectroscopic channel individually as they are wavelength-dependent.
Below are a few tips to consider regarding transit observations: 1. Observe whole time series on the same pixel, sub-pixel if possible. 2. Choose a detector setting (e.g. gain) to get as many counts as reasonably possible per image in order to improve the relative photometric precision. 3. Readnoise is almost never important, as we tend to observe bright targets, so the error budget is dominated by photon noise. 4. Red noise is always important to consider. 5. For MOS, wide slits/apertures are needed to minimise differential slit losses between the target and reference stars. 6. Have a uniform detector. 7. Be mindful of detector electronics which can introduce noise. (Wakeford et al., 2017). 8. Get a long enough baseline before and after the transit/eclipse to properly measure the depth. 9. As much as possible, have the out-of-transit/eclipse baseline sample similar systematics to those in-transit/eclipse. 10. Ingress and egress are not very useful to measure the transit/eclipse depth but are needed to measure a/R star , T 0 , and the inclination. 11. Avoid or correct for non-linearities in the detector. 12. Reference stars need to be as similar as possible to the target in type & magnitude (preferably within 1 mag, and spectral sub-type). 13. Near-IR is hard from the ground, due to terrestrial opacity sources such as water, but not impossible. 14. Philosophy differs in flat-fielding (I suggest gathering 100's, test to see if they improve things or not). 15. Cosmic Rays are important. 16. Visualise your time series data (e.g. with a movie) to see all the ways your spectra/photometry changes in time. 17. Be wary of hidden companions that can dilute the flux of the brighter star you're interested in. 18. Be wary of unphysical results.
Interpreting a Transmission Spectra
In the following section, an analytic transmission spectra formula is derived from first principles. Details of this derivation can be found across Fortney et al. (2005) , Lecavelier des ), de Wit & Seager (2013 , Bétrémieux & Swain (2017) and Heng & Kitzmann (2017) . Given that a transmission spectrum is not a typical astrophysical measurement, the derivation helps to illustrate how the spectrum depends upon several key parameters (such as the temperature and molecular abundances), what quantities can be derived from a transmission spectra, and the nature of modelling degeneracies.
Analytic Transmission Spectrum Derivation
The flux blocked during transit including the planet and its atmosphere is given by the ratio of the areas,
where A is the effective area of the annular region of the atmosphere observed during transit. The contribution of the atmosphere, A, is calculated by integrating the absorptivity of the atmosphere from a reference planetary radius, R pl , up to the top of the atmosphere along the radial coordinate direction r and is given by,
where T is the transmittance which is the fraction of radiation that is transmitted through a given layer of atmosphere. The transmittance is related to the optical depth τ using the Beer-Lambert law,
and the optical depth in turn can also be written in terms of the cross section of absorbing species σ abs (λ ), its number density n abs , and integrated along the slant transit geometry (directionx) ,
As the number density of an atmosphere drops with altitude radially (directionr ), a simplifying approximation can be made by assuming the atmosphere is isothermal with temperature T , an ideal gas with pressure P = k B ρT /µ, where ρ is the density, and in hydrostatic balance, dP = −ρgdr.
R pl + r r 0 r x R p l + r Fig. 17 Illustration of the transit geometry. The bulk radius of the planet, R pl (grey) is illustrated along with an atmospheric layer (red) of thickness, r. Stellar light passes in slant transit geometry from the terminator through the atmospheric layer a distance x. The radial coordinater is also indicated with its origin at the planet center.
Substituting ρ from the ideal gas law and integrating Eq. 20 then gives the Barometric formula which relates the pressure between two points (labeled here as 0 and 1) with the altitude difference, P 1 = P 0 e −r/H , and pressure scale height H or equivalently the number density between two altitude points,
Typically, the absorbing species in a transmission spectra is a minor component of the gas, so we can relate the mixing ratio of the absorbing minor species, ξ abs , to the total gas number density, by n abs = n o ξ abs . Substituting Eq. 21 into Eq. 18 and evaluating the optical depth at the reference planetary radius and pressure (R pl , P 0 ) gives,
where we have made the assumption that the cross section σ abs (λ ) does not depend upon the atmospheric pressure. Thex andr coordinates can be related by the Pythagorean theorem (see Fig. 17 ),
and further simplified assuming planetary radius is much larger than the atmospheric altitude (R pl >> r) which gives
Substituting r into Eq. 22 gives,
The integral can be analytically evaluated as,
+∞
−∞ e −u 2 du = √ π, so the reference optical depth becomes,
From Eq. 27, it can be seen that the optical depth depends on the pressure (i.e. τ ∝ P), and again using the Barometric formula the optical depth at an arbitrary pressure P can be written as,
Before we can evaluate Eq. 16, we need a relation between the the radial coordinater and optical depths τ and dτ. Using the Barometric formula in terms of pressure, and the fact that the optical depth is proportional to pressure gives,
the altitude difference, r, is then related to the reference radius of the planet and radial coordinate r as r = r − R pl , thus
and
Substituting these values r of dr into Eq. 16 along with Eq. 28 and Eq. 17 then gives,
where the integration limits have also been converted into the appropriate optical depth limits. After a slight rearrangement, Eq. 35 can be written
which can then be further simplified assuming H/R pl << 1 so a term can be neglected to give,
The integral can be found in Chandrasekhar (1960) ,
where γ is the Euler-Mascheroni constant (γ =0.577215664901...) and E 1 is an exponential integral which is a transcendental function. Thus, Eq. 37 becomes,
During a transit, we measure the transit-depth radius of the combined planet and atmosphere. Thus to relate 39 to the transit radius, we can set the measured transit depth altitude r eq so it produces the same absorption depth as the planet with its translucent atmosphere occulting area, A, giving,
As τ 0 is the optical depth an arbitrary reference pressure-altitude level, we can set this value to be very large (τ 0 >> 1) to use the limit where E 1 → 0 as τ 0 → ∞,
Eq. 42 can then be rearranged and the radius converted to optical depth (Eq. 34) to figure out the equivalent optical depth τ eq where the transmission spectrum becomes optically thick in slant transit geometry and corresponds to the measured transitdepth radius giving,
Lecavelier des first derived τ eq numerically, where τ eq = 0.56 is seen to be an accurate approximation (given the terms we have neglected) for most planetary atmospheres as long as (30> R pl /H >300). Finally, we can substitute Eq. 46 and Eq. 27 into Eq. 42 to give,
r eq = H ln ξ abs σ abs (λ )P 0 τ eq
and r eq relabelled as z(λ ) which then derives the Lecavelier des Etangs et al. (2008) transmission spectrum formula,
Analytic Transmission Spectrum Applications
The first application of Eq. 49 was to interpret the transmission spectrum of HD 189733b from Pont et al. (2008) in which atmospheric haze on an exoplanet was first discovered. If the cross section σ abs (λ ) is known, then the altitude difference between two wavelengths, dz, allows the pressure scale height H to be directly measured, which directly leads from Eq. 49 to,
This temperature measurement will be accurate in the case where the absorbing species in the transmission spectra has been robustly identified, such as is often the case for Na, K, or H 2 O, and when the mean molecular weight of the atmosphere is also known. Thus, the terminator temperatures in hot Jupiters can often be accurately measured, given the atmosphere is H/He dominated; though that may not be the case for super-Earths which could have much heavier non-H/He secondary atmospheres. For HD 189733b, the slope of the transmission spectra indicated a scattering slope, and the cross section could be assumed to follow a power law of index α, such that σ = σ 0 (λ /λ 0 ) α . In this case,
making the transmission spectrum slope proportional to the product αT . In the case of pure Rayleigh scattering, α=-4 and the temperature can be derived, though in general if the pure Rayleigh scattering is not apparent, then the constrained quan-tity will be αT and a degeneracy will exist between the power law index and the atmospheric temperature. Eq. 49 can be used to straightforwardly make an entire optical transmission spectrum for a hot Jupiter, given that theoretical models have shown a typical hot Jupiter (∼1200 K) will be dominated by Na, K, and Rayleigh scattering (Seager & Sasselov, 2000; Hubbard et al., 2001; Brown, 2001 ). Na and K are both doublets, so by including only four absorption lines and a scattering component, the majority of an hot Jupiter optical transmission spectrum can be modelled.
For largely clear atmospheres, Na and K can both exitbit large pressure-broadened wings which will dominate the optical opacity. These wings can be calculated analytically using a Voigt line profile, H(a, u), and statistical theory, which predicts the collision-broadened alkali line shapes will vary with frequency ν as (ν − ν 0 ) −3/2 outside of an impact region, which lies between the line centre frequency ν 0 and a detuning frequency ∆ σ away from ν 0 .
Within the impact region, the cross-sections for both the sodium and potassium doublets can then calculated following Burrows et al. (2000) and Iro et al. (2005) as,
where f is the absorption oscillator strength of the spectral line, m e is the mass of the electron, e the electron charge. The Voigt profile H(a, u) is defined in terms of the Voigt damping parameter a and a frequency offset u. The frequency offset is calculated as u = (ν − ν 0 )/∆ ν D , where ∆ ν D is the Doppler width given by ∆ ν D = ν 0 /c 2kT /µ Na,K , with c the speed of light and µ Na,K the mean molecular weight of sodium or potassium. The damping parameter is given by a = Γ /(4π∆ ν D ), where the transition rate Γ is calculated following
where γ is the spontaneous decay rate and Γ col is the half-width calculated from classical impact theory. Assuming a Van der Waals force gives, 
for K (Burrows et al., 2000; Iro et al., 2005) . Outside of the impact region, the (ν − ν 0 ) −3/2 power-law line shape is truncated using an exponential cutoff term of the form e −qh(ν−ν 0 )/kT , where h is Planck's constant and q a parameter of order unity, to prevent the line wing opacity from becoming overly large at large frequency separations. The detuning frequency, ∆ σ , can be estimated from Burrows et al. (2000) using ∆ σ = 30(T /500 K) 0.6 cm −1 .
Na K 1500 K, logg=10, solar M/H Fortney Model Analytic Model Fig. 18 Comparison between an analytic transmission spectrum model for a 1500 K hot Jupiter calculated using Eq. 49 (blue) and a model from Fortney et al. (2010) .
for the sodium doublet and ∆ σ = 20(T /500 K) 0.6 cm −1 .
for the potassium doublet. The wavelength-dependent total cross sections of the sodium or potassium D1 and D2 doublet can then be summed together, σ (λ ) Na,K = σ (λ ) D1 + σ (λ ) D2 , and the sodium and potassium opacities can also be summed together along with their abundances into Eq. 49 as, ξ abs σ abs = ξ Na σ Na + ξ K σ K .
Finally, a Rayleigh scattering component can also be added to the alkali lines, given that σ 0 = 2.52 × 10 −28 cm 2 at λ 0 =750 nm for molecular hydrogen and for a hot Jupiter ξ H 2 ∼ 1. A comparison between the analytic transmission spectrum (Eq. 49) and a numerical model from Fortney et al. (2010) is shown in Figure 18 . The analytic model reproduces the Na and K lines profiles well, and certainly better than the accuracy of any transmission spectral data to date. The small differences seen are mainly due to the inclusion of molecules such as H 2 O in the Fortney et al. (2010) model, which Fortney(1500K_logg10_1.2Rp Fig . 19 Analytic atmospheric model fit of the WASP-6b HST transmission spectrum from Nikolov et al. (2015) . Four parameters are fit, the temperature, Na and K abundances, and a baseline reference planet radius. The best-fit parameters and χ 2 statistics are indicated on the plot.
can be seen as weak lines near the K doublet, and the inclusion of weaker Na/K lines (e.g 0.4 µm) which have not been added in this example analytic model. The analytic transmission spectrum (Eq. 49) can easily be used to fit data in a retrieval model exercise (e.g. Sing et al. 2015) , which given the few parameters and analytic nature is very fast making it highly conducive to Markov chain Monte Carlo techniques (MCMC). In Fig. 19 the WASP-6b optical HST data from Nikolov et al. (2015) is well fit using only four parameters: the abundances of Na and K, as well as the temperature and baseline planetary radius.
In general, molecular species can also be modeled with the analytic transmission spectrum (Eq. 49) as well, in this case the number of spectral lines jumps from four up to 10 9 or 10 10 depending on the line list and species in question, which dramatically increases the computational burden. Nevertheless, even if one uses a fully numerical tool to calculate and model transmission spectra, it is a good idea to keep Eq. 49 in mind such that a physical intuition can be preserved.
A further consequence of Eq. 49 is that abundance ratios can be very precisely measured in a transmission spectrum. This follows from measuring the altitude difference in the spectra between the two (or more) wavelengths where the two species dominate. For example, taking the difference in altitudes between the transmission spectra at the Na core wavelengths, z Na , and potassium core wavelengths z K , proximated given ξ H 2 ∼ 1, and the reference pressure P 0 at z = 0 can be determined. From Eq. 49, in the H 2 -Rayleigh spectral region, the pressure P 0 at an altitude corresponding to the radius at wavelength λ 0 is
where σ 0 is the Rayleigh scattering cross section at λ 0 . If P 0 can be determined from this method, the absolute abundances of all species identified in a transmission spectra (including molecular species at longer infrared wavelengths) can then be determined. In practice, hazes and clouds have often been observed to mask the H 2 Rayleigh scattering signatures. However, even if this is the case the shortwavelength region is still an important wavelength region to measure, as this data can constrain the cloud properties and rule out large classes of models, thereby constraining parameter space and limiting the ξ abs − P 0 degeneracy. In addition to the ξ abs − P 0 degeneracy, the transmission spectra is also seen from Eq. 49 to scale (to first order) with the pressure scale height H = k B T /µg. The H itself can typically be well determined from a well-measured transmission spectra. For hot Jupiter exoplanets which also have a measured mass, the surface gravity g is also known and µ can safely be assumed to be dominated by a H/He mixture leaving just the temperature as the unknown quantity that can be measured from the transmission spectrum. However, for non-gas giant exoplanets the molecular weight of the atmosphere can be unknown to perhaps an order of magnitude or more given atmospheres dominated for example by N 2 , H 2 O, or CO 2 are feasible. In addition, it is also more challenging to measure the mass of small exoplanets via the radial velocity method, which can also hinder a precise determination of g. Thus, in these cases there will be a large T − g − µ degeneracy, and the individual quantities will be difficult to constrain with the transmission spectrum alone. 
